Introduction
Radius of curvature measurement by interferometry is not a new Many optical shops use an interferometer and slide mechanism for accurate, noncontact radius measurement. Interferometry easily provides measurement of the radius of curvature to accuracies of 0.01%. In fact, with appropriate implementation, this accuracy can be pushed down into the range of 0.001% (10 ppm) and below. This level of measurement requires careful consideration of the measurement error budget, and it is the thrust of this paper to examine the control and correction of nonenvironmental, optical and optomechanical errors. After examining these errors, they are placed in the context of a summary error budget. Radius measurement is also very sensitive to site implementation and technique. Careful measurement procedure, control of environmental factors, and proper tooling design are essential to achieving the accuracy of which this measurement technique is capable.
The radius of a sphere is simply the distance from the spherical surface, or its best fit equivalent, to the conesponding center of curvature. These two locations are easily observed with a point source interferometer producing a converging wavefront, such as a Fizeau or Twyman-Green (see Fig. 1 ). At the ' 'cat's-eye ' ' position, the interferometer beam converges to a point on the spherical surface, the cat'seye point. A nulled fringe pattern indicates the point focus is at the surface of the sphere. At the "confocal" position, a nulled fringe pattern indicates the interferometer point focus is coincident with the surface center of curvature. By measuring the distance that the part is moved between these null positions, i.e., from cat's-eye to confocal, the radius of curvature is determined.' This distance is most accurately measured if the measurement axis intersects both the cat'sPaper 05012 received Jan. 14, 1991; revised manuscript received April 6, 1992; accepted for publication April 6, 1992.
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Abstract. The radius of curvature is a fundamental parameter of optical surfaces. Improving the measurement tolerance is critical for an increasing number of applications. Interferometry is potentially a very accurate technique, but careful implementation is critical to achieving full potential.
To this end, the error budget for radius of curvature measurement by interferometry is examined. The goal is to achieve 0.001% (10 ppm) measurement tolerance. The major errors, Abbé errors, are typically 10 to 100 pm, and can be virtually eliminated using a distance-measuring interferometer. The remaining major errors are cavity null errors and axial alignment errors. These are quantified and corrections are described.
Other errors including environmental and tooling errors are also cataloged.
eye point and the surface center of curvature, which will be called the part axis. Glass or magnetic scales can resolve motion at the micrometer level, but are displaced from the part axis, thereby incurring Abbé errors; for a displacement of 100 mm, Abbé errors of 10 to 100 im are typical (see Fig. 2 ). Configurations with two scales on opposite sides of the part axis can reduce Abbé errors. To use only one measurement axis without suffering these errors, the measurement axis must be made coincident with the part axis by using a distance-measuring interferometer' (DM1). This reveals other error sources previously overshadowed. The following sections concentrate on two optical alignment errors: cavity null and axial alignment. The cavity null error is the error in finding the null position. The null error is evident in the fringe pattern; accurate evaluation and correction requires measurement of the cavity function via phasemeasuring interferometry (PM!). Axial alignment errors arise from the part being translated along one axis and the motion being measured along another. This leads to cosine errors. Part of this error is visible in the interference pattern, and the alignment can be corrected. These errors are fundamental to the technique. Other errors, including environmental and tooling errors, are cataloged and briefly quantified. 2 
Equipment
The radius measurement equipment consists of a phasemeasuring point source interferometer (e.g. , Fizeau) with a transmission sphere (TS) or diverger lens, a DM1 configured as a linear interferometer, and a rail/guide assembly with a mount with five axes of motion to hold the surface under test (see Fig. 3 ). The mount is moved along a rail/guide. This can be as simple as a precision ground straight-edge, against which a mount is located and moved. A virtue of the DM1 is that the rail specifications are greatly relaxed. in which the moving cube is mounted only to the z adjustment (focus) of the mount and therefore cannot monitor either lateral direction or the tip/tilt functions-and fully tracking-in which the moving cube is mounted at the part and therefore can follow any lateral or tip/tilt motion of the part, which is along the DM1 axis. The z tracking implementation has the advantage that the DM1 signal cannot be lost during lateral motion of the part. edge of the aperture; Fijmjt is the limiting F number of the interferogram at a given position; and X is the operating wavelength of the interferometer, typically 633 nm. At cat'seye, Fijmjt FTS, the F number of the transmission sphere, while at confocal the limiting aperture is usually the R number of the surface under test. The error is an absolute error and is large for large F number (see Fig. 4 ). PMI enables correction of the null error by measuring the power in the interference pattern. Equation (1) is then used to correct the longitudinal error. There are some second-order errors in this correction, which can be quantified and reduced through careful technique. At both positions of the phase measurement, the limiting aperture must be known for Eq. (1). If there is an error in the actual F number, an error results in the null correction term. This error is absolute in terms of the radius of curvature and relative to the null correction term. Thus, F number calibration errors are smaller for fast, well-nulled cavities (see Fig. 5 ). The R number of the surface is usually easy to determine. Except for very small parts, the diameter of the spherical surface can be measured to within 1 % accuraëy quite easily. The F number of a transmission sphere/ diverger lens, and its uncertainty can be determined by raytracing the design (see Appendix B).
Distortion of the image causes an error in the calculation of the power in the cavity. Rewriting Eq. (1), the mapping of the cavity phase is given by p=(1-cosO) . where p is the focus error in waves, i.e. , the sag at the This is mapped into the image space via r= f(0), and then fit to ( = Cr2 + lower-order terms Typically, the error in the calculated cavity power is < 1% ________ for a fast TS and approaching ppm levels for a slow TS (see 0.01
Appendix B). This should not be confused with the peak- to-valley (PV) errors caused by distortion, which can be as large as 10% of the power for a fast TS . Such small errors Eq. (1). Thus, aperture calibration is a more significant error than distortion. In both cases, the error is a fraction of the tilt is minimized without additional tip/tilt or lateral adnull error term, and therefore care in nulling the cavity is justments. Part misalignment 3 can be measured: recommended. where nit is the tilt at confocal and R is the test surface The angles between these are a(p,d), 3(p,r) and y(r,d) (see radius of curvature. Careful alignment technique must be Fig. 6 ). The net motion of the part along the part axis is R, used to avoid large numbers of tilt fringes being introduced.
the surface radius. The axial error is a relative error. For Only when a large number of fringes, > 10, are introduced the fully tracking configuration, the error depends solely on and the part diameter is small, < 10 mm, is the error sigthe alignment of the part axis to the DM1: nificant to the measurement. If 10 ppm measurement accuracy is to be achieved over the entire range of expected Raxiai R(1 -cosa) . (4) part diameters and radii, special attention must be paid to the alignment of small diameter parts . The cosine error due For the z-tracking configuration, the error is compound, to the angle 3 can be corrected by measuring the tilt at the depending on the part alignment 3 and the system alignment y:
confocal position and dividing by cos(nX/2D). shows that this error is rarely significant, except for very small diameter parts. To achieve an accurate measurement, the net motion of the Misalignment of the rail and DM1 'y has the effect of surface between the cat's-eye and confocal positions must adding a nonzero baseline to the axial error (see Fig. 8 ).
be in the direction of the part axis and the DM1 must measure One can measure y by observing the runout of the return all motion in this same direction, i.e. , the p, r, and d axes spot of the DM1 as the part mount is moved: must be parallel. The alignment of the interferometer axis and the TS relative to the other axes have no detrimental return spot runout tany= (7) effect on the DM1 measurement accuracy; misalignment will 2 . total motion of mount place the surface off-center at the confocal position, limiting the F number that can be measured. It is assumed that the Note that 'y = 0.5 mrad is easily achieved if the mount has angle errors do not change during the measurement process.
a full travel range of 1 m. The z-tracking configuration is assumed throughout the rest 3.3 Figure Error of this paper.
Part alignment is a two step process ensuring that (1) the In general, the cat's-eye point does not lie on the best fit cat's-eye reflection is not sheared with respect to the incident sphere to the surface, i.e. , it has some height relative to the beam, i.e. , no vignetting, and (2) when moved to confocal, best fit sphere. This is the figure error. It is a small error, Table 1 Approximate ranking of error sources for some ranges of part radii of curvature and R number. Errors are grouped as catastrophic, significant, and negligible, relative to a net error budget of 1 0 ppm (0.001%). Assumptions regarding certain parameters of measurement are outlined in the footnote.
Radius of Curittiré
Abbé errors due to off-axis measurement 50 .tm 0. 
where SA3 is the wave aberration coefficient for third-order spherical aberration. In general, the figure of the surface is irregular. Figure error can be calculated from the PMI data and corrected. The accuracy of the correction depends on the accuracy to which the cat's-eye point can be identified. Correction to within 10% of Rfigure 5 readily achievable with smooth surfaces.
Error Summary
Cavity null, axial alignment errors and figure errors are by no means the only ones present in measurements . There are other optical errors as well as environmental and tooling errors and noise; more thorough discussion of these errors can be found elsewhere . 2 All error contributions are summarized in Table 1 . For each radius of curvature and R number combination in the table, the error sources are listed in order of severity. They are grouped in the categories of catastrophic, significant, and negligible, relative to a net error budget of 10 ppm. Various assumptions about the test technique and facility are made, and therefore, Table 1 is a rule of thumb only. Actual error contributions depend on the technique of the metrologist and the design of the tooling and facility.
Observing the trends of Table 1 , itis possible to conclude several points:
. Without on-axis measurement (use of a DM1), radius of curvature measurement to 10 ppm is not feasible due to Abbé errors.
. Extreme care of nulling the cavity and accurate calibration of the apertures is essential to achieving 10-ppm accuracy for a very short radius of curvature ( -S--10 mm) or very slow ( -R/50) parts.
. Wavelength compensation4 for the DM1, or accurate atmospheric control, is essential for 10-ppm testing at all but the shortest radii. . If reasonable care is taken in aligning the DM1, rail, and part axes, these errors are kept negligible, except in the case of very short radius parts.
Among other ' 'negligible'
' errors not listed in Table 1 are various noise sources, mostly from the DM1: linearity, resolution, polarization mixing, thermal effects, laser wavelength stability , power calculation accuracy , etc . These errors are typically so small that they will always be an order of magnitude smaller than the other errors discussed here.
Conclusions
The accuracy of radius measurement by interferometry is greatly enhanced when a DM1 is used to measure the motion Table 2 Parameters defining the part under test, the measurement system, and the environmental parameters for the error budget shown in Table 3 . <0.01% <lppm of the surface under test along the part axis. Further correction of the null cavity errors and wavelength compensation can limit the remaining errors to the micrometer level, or less. The bulk of these errors must be corrected through design of the tooling and the metrology facility. Testing at the level of0.001 % (10 ppm) is feasible for parts with radius > 100 mm. For shorter radii, turbulence and tooling errors become severe, typically limiting measurement accuracy to the micrometer range.
5 Appendix A: Sample Error Budget A sample error budget is shown here for interferometric radius of curvature measurement. The system parameters are given in Table 2 , and the error budget is shown in Table 3 . Environmental and tooling error contributions have been chosen to reflect a well-designed facility.2 6 Appendix B: Zygo Transmission
Sphere Parameters Table 4 shows the aperture and distortion characteristics for some of the Zygo transmission spheres.
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